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Introduction
Lepidoptera are a huge family with nearly 180,000 species 1 , including butterflies and moths. These species (mostly are butterflies) have evolved many different kinds of wings to meet their survival or courtship needs 1 . Butterfly phylogeny has been shown to be related to the optical properties of these structures and to their evolutionary development 2 . More than twenty derived features can be used to characterize butterfly or moth species. One of the most apparent characteristics of these wings is the distinctive color of the scales that cover their wings and bodies. In butterfly wings, the colorization effects can involve pigment color and structural color and combinations of the two. The colors of butterfly scales are produced by pigments that selectively absorb lights with certain wavelengths. These pigments are embedded (some are called pigment beads, shown in Fig.1 S1) in the scale structures. These structures reflect and scatter light that has not been absorbed by the pigments 3 .
However, structural color comes from the hierarchical structures in the wing scales.
The brilliant colors generated at the sub-micrometer level by the complex architectures of the scales have attracted the interest of scientists from biology, physics, and materials science. 4 In the last decades, many sagacious reviews and books have focused on the structural colors originated from butterfly wing scales. H. Ghiradella published the
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Physical Chemistry Chemical Physics Accepted Manuscript first prospective overview and comprehensive classification of the development of the precise and elaborate structures of butterfly wings, including hairs, bristles, and scales, evaluating studies dating back to the 1970s 5 . Different research aspects of wing color (especially the structural color), such as characterization, identification, and mechanism were discussed by S. Berthier ten years ago 6 . An intensive study classifying largely Morphinae and Papilio butterfly wing scales conducted by P.
Vukusic published later 7 . Research on optical properties and simulation fundamentals of structural colors in Lepidoptera sub-families was summarized by S. Kinoshita in chapter 3 of his book 8 . The tree-like structure in Morphinae wings, the most popular butterfly which are very pleasing to the eye, have received much more attention especially on their photonic properties 9 . A.R. Parker summarized the diversity and evolution of the photonic structures in butterflies, including many of the early unpublished works 10 . In summary, these overviews 5, 7, 8, [10] [11] [12] [13] [14] have supplied a theoretical foundation for subsequent biomimetic fabrication.
Since the introduction of the concept of modern bio-mimetic materials in 1992 15 , many research groups have devoted their attention to the fabrication of biomimetic materials inspired by natural microstructures. Several excellent reviews and books on bioinspired and biomimetic materials have been published in the past two decades [16] [17] [18] [19] [20] . In these studies, research into the biomimetics and biotemplates of butterfly wings is considered ascendant due to the various complex and hierarchical structures in these wings. Many novel applications related to the microstructures of these bio-inspired materials have been explored. These include advanced structured colors 21 , new generation solar cells 22 , anti-counterfeiting labels 23 , gas sensors 24 , and high-speed infrared imaging 25 . Some of them have attracted considerable interest from government and industry 26 . The present work will present an overview of most recent developments in this blooming field. Since characterization and simulation of the butterfly wing scale microstructure have been summarized in the previous studies, the bio-mimetic and bio-template fabrication inspired by these wing scales have not been discussed thoroughly since the preliminary attempt by L.P. Biro 27 . Here, this review will present an intensive overview of research into the up-to-date fabrication methods of bioinspired artificial wing-like structures.
Brief introduction of the characterization and simulation of butterfly wing structures

Classification of butterfly wing structures
Butterflies may be the most conspicuous insects in the world, and has attracted a great deal of scientific and aesthetic interest. The butterfly individuals take advantage of these singularity optical effects to achieve different strategies, such as camouflage, courtship, communication, and sending warnings to predators [28] [29] [30] . Moreover, several studies have evaluated the enhancement effects of these microstructures on hydrophobicity and aerodynamic properties 31, 32 .
The study of the relationship between color and the hierarchical microstructure in the butterfly wing scales has a long history, which is roughly simultaneous with the Research took a leap before the development of the electron microscope, which established remarkably accurate physical structural models of butterfly wing 34, 35 . The most typical example is the characterization on the blue wings of Morpho butterfly.
Early inquiries showed that the metallic blue color was attributable to a very thin surface layer and that the luster and brilliancy of the color were inconsistent with the thickness of the structure 34 . More than twenty years later, more careful characterization and preliminary simulation or modeling of the cause of the brilliant blue color of these scales was provided, although the modeling used in their work was later shown to be inaccurate 36 . Seventeen years later, microstructures, especially the cross-sections of the iridescent scales of Urania moths, were finally observed under electron microscopes and discussed in great detail 37 . Due to the continued improvement in the resolution of electron microscopes 38 , much more complicated structures have been observed in each tiny scale of the butterfly wings. The research and understanding of butterfly wing structures has advanced from the micrometer to nanometer level.
Both structural colors and hydrophobic properties are derived from the cuticle structures of butterfly wing scales. In most species, the arrangement of the scales on the wing resembles that of shingles on a roof, each of the scales evolve from a single epidermal cell. A typical scale may be thought of as a flattened sac approximately scales. Through the evolution of the lower structure including crossribs and trabeculae, the S3 type have porous windows between the ridges. Once both the upper and lower structure are specialized, the S4 type will form body-laminae structure like multilayer reflectors. The further crosslinking of the pores in S3, 3D photonic crystal structures will developed in the scales. All the five structure groups and their characterization are shown in Fig. 1 and listed in Table 1 (not an exhaustive list). 
Modeling and simulation of butterfly wing structures
In addition to the aerodynamic properties and surface hydrophobicity, the major focus of current research is the optical related properties of these wing microstructures. . Based on these parameters, intensive studies were conducted on S2 42 43, 44 45 , S4
46, 47 48 23 and S5 49 50 type structures, which will guild the further fabrication and optimization design of novel functional materials inspired by butterfly wings.
Progress in the fabrication of hierarchical functional materials inspired by butterfly wings
The special functions of butterfly wings, especially in optics and hydrophobicity, has inspired material scientists constantly. Modeling and simulation results have improved the community's understanding of the subtle structures that guide the design and fabrication of advance functional materials. In this review, we will be more concerned on the recent progress in the fabrication of artificial functional materials both through direct templating using butterfly wings and through biomimetic approaches inspired by these wing scales. 
Processes involved in fabrication methods that use butterfly wings as bio-templates
The wing scales are composed by trace proteins, pigments (mostly melanin), inorganic salts and chitin (more than 83%) 108 . Chitin, specifically α-chitin, is the . It is made of units of N-acetylglucosamine and it forms covalent β-1,4 linkages similar to the linkages between the glucose units that form cellulose. In this way, chitin may be described as cellulose in which one hydroxyl group on each monomer has been replaced with an acetyl amine group.
These free amino groups 78, 110 facilitate the biotemplating fabrication process. To expose more active reaction groups such as amino groups, deacetylation of the wing templates is very necessary before the templating process in alkaline environment, such as NaOH solution 111 .
Sol-gel process
The sol-gel process is widely used in the fields of biotemplating and bioinspired Because of the super-hydrophobic surfaces of most the butterfly wings 117 , precursors with strong impregnation that could homogeneously soaked into wing templates are not easy to produce. The ethanol solutions of different metal nitrates were prepared and used to replicate butterfly wings with different microstructures [52] [53] [54] . The results
showed that the fabrication of wings out of ZnO instead of chitin greatly enhanced the intensity of the optical reflectance of visible light, especially with the semi-transparent wing replicas based on the wings (S11) of Ideopsis similis 52 . Our later study evaluated the room temperature cathodoluminescence spectra of these ZnO replicas This can increase the overall efficiency of solar cell systems and sunlight-based water-splitting catalysts 121, 122 , and be benefit for the colloidal photonic crystals research 123 . The mechanism and the best photocatalytic activity in both photocatalytic .
The SnO 2 replicas of Euploea mulciber, which had coatings of different thicknesses,
showed controllable sensitivity to ethanol and formaldehyde. This demonstrated that such structures could not only enhance the gas response but also provide good selectivity. It was also found that the gas response could be significantly affected by membranous structures. This mechanism was different from the optical gas sensitive response of the original Morpho butterfly wings 24 , which showed a high selectivity vapor response 24, 122 . The linear relationship between the effective refractive index and the liquid quantity was later observed and simulated later 125 .
Optical properties especially the selective or angle depend reflective properties is the major research interest in the bio-template materials research. Enhanced or modified optical properties of the original wings were studied. In earlier work, the whole wings were used as the biotemplates, so large-area (about 3×4 cm 2 ) optical inorganic wings were synthesized 52, 67, 126 . These replicas can reflect visible or ultraviolet light strongly because of the relatively large refractive index of functional 56, 87 . Different reflective spectra of these replicas showed the pronounced influence of the effective refractive index on the optical properties. To distinguish single scale and scales arrangement influence on the optical performance, one study evaluated isolated scales using different scales with static needles early in 1999 39 . Single scales with different types were selected as templates 57, 68 . Spatial optical anisotropy of ZnO (shown in Fig. 3 ) and ZrO 2 were templated from isolated scales of M. menelaus and M. didius. Because there can be as many as 
106, 107
Metals, including Co, Ni, Cu, Pd, Ag, Pt, and Au, which are shown in Fig. 5 II, can also be reduced using the electroless deposition methods in the sol-gel solution 77, 78 .
The Au, Ag, and Cu replicas of butterfly wing scales were found to have markedly more pronounced Raman scattering (SERS) effects than replicas made of other materials. The pronounced Raman enhancement mainly originates from the 3D sub-micrometer periodic rib-structures located on the main ridges of Cu scales rather than the morphological or size effects of Cu NPs themselves 79 . Similar to the more floors a building has, the more residents it can contain, more periodically arranged rib-layers per unit square result in more piled-up hotspots, leading to better SERS performance. This is because of the accumulation of hotspots, which are located at sites where the local electromagnetic fields are markedly enhanced. These hotspots are produced by the intrinsic 3D sub-micrometer structures of the metals. SERS has attracted a great deal of attention due to its ability to facilitate fast detection of trace amounts of chemicals. Metallic SERS substrates can enhance the weak Raman signals of analytes adsorbed on them by several orders of magnitude. However, the low reproducibility and high cost of SERS substrates as consumables restrict their use. In comparison, the sensitivity of the system's ability to detect Rhodamine 6G (R6G) on Au (10 -13 M) is ten times higher than that of its ability to detect R6G on Klarite® (10 -12 M), which is the commercial SERS substrate. Considering the high cost and the sensitivity of detection on metallic butterfly wings, this strategy may render affordable and stable SERS substrates accessible to laboratories across the world. By combining well-developed tuning methods with these natural designed 3D scaffolds, the morphology of the nanometal particles and the formation of structures with multiple components can be controlled 127 . Even higher SERS performance can be expected. 
Nanoimprintating process
Nanoimprint lithography (NIL) shows considerable promise due to its low cost, high throughput capacity, and ability to imprint large areas. It creates patterns using mechanical deformation of imprint resist and subsequent processes . Researchers believed that this technique may represent a viable approach to the mass production of artificial PC structures suitable for a variety of commercial applications. First, electric field and pH sensors were produced by filling the multilayer structures (C. rhipheus, S4) with electric-field-sensitive or pH-sensitive hydrogels 102 131 . The visible reflectance of the immobilized wing scales was found to be responsive to electric field and pH conditions (shown in Fig. 6 ). This was attributable to the inner microstructural changes induced by the changes in the volume of the embedded polymer during the swelling/deswelling process. The pH-induced color change was detected by reflectance spectra as well as optical observation. A distinct U transition with pH was observed, demonstrating PMAA content-dependent properties. These work sets up a strategy for the design and fabrication of tunable 
Vapor phase deposition
Vapor phase deposition is a process in which gas phase transforms into solid phase.
It is wildly used in thin-film coating. Two major vapor phase deposition techniques, chemical vapor deposition (CVD) and atomic layer deposition (ALD), are based on the sequential use of a gas phase chemical process. ALD is chemically similar to CVD, except that the ALD reaction breaks the CVD reaction into two half-reactions, keeping the precursor materials separated during the reaction. Because its reactions are self-limiting and take place on the surface of the substrate, ALD makes atomic scale deposition control possible 132, 133 . Compared to CVD, ALD can provide a
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Furthermore, ALD offers facile doping, large area uniformity and thus straightforward scale-up 133 . The advantage is obvious, as this method can be applied to most materials which can be deposited by ALD, especially on the soft and fragile butterfly wing templates 21 .
Early in 2003, the technique involving controlled vapor-phase oxidation of silanes on the surface of peacock butterfly wings was used to produce exact inorganic oxide replicas of structures observed in nature 51 . The primary silica clusters had extraordinary flow properties and were found capable of creeping into smallest gaps within the wings. In this way, this method shows promise for the replication of these intricate hierarchical structures. However, the incompatibility between butterfly wings and the silane coating can cause catastrophic cracking of the coating during calcination, as observed under SEM.
To fabricate high-fidelity replicas of different biotemplates, another film deposition process, conformal evaporated film by rotation (CEFR), was developed 89, 90 . The CEFR technique is particularly well suited to biomimetization because the temperatures involved are sufficiently low and the replication process occurs in a noncorrosive environment, which prevents damage and distortion of the C-, H-, and O-based organic skeletons. By controlling the current and vapor flux, a 0.5 µm coating was placed on the wings. Because the morphology of the butterfly wing makes it a very efficient diffuser of light, the chalcogenide glass (Ge 28 Sb 12 Se 60 ) replica of Battus philenor, which has a large index of refraction within the visible and infrared spectra, could be used as an antireflection structure for increased photon trapping and optical diffusers.
The thickness of the coating was not very easy to adjust through the amount of silane precursor and the reaction time of CVD technique or current and flux of CEFR.
In order to overcome these problems, the atomic layer deposition (ALD) technique was used in the replication of butterfly wings 21 . ALD is a self-limiting, sequential surface chemical technique that deposits thin, conformal films of materials onto substrates of varying compositions 134 . This mechanism facilitates the growth of conformal thin films of specific thicknesses on large areas. By keeping the precursors separate throughout the coating process, control of the growth of atomic films can be rendered as fine as ≈0.1 Å (100 pm) per cycle. These advantages make the ALD method suitable for the more exact replication of natural materials with 3D hierarchical structures. Z.L. Wang's et al. were first to use the atomic layer deposition approach to replicate and coat the photonic structures of M. peleides 21 . The growth rate was 1 Å per cycle, which allowed exact control of the thickness of alumina replicas of the wings (Fig. 7(a) ). The alumina replicas also exhibited optical properties that facilitated applications in waveguides and beam splitters. Further research into the influence of layer thickness on the optical properties was performed using ALD on the iridescent green scales (S42) of P. blumei 135 . Studies have shown that, depending on the structural integrity of the initially sealed scale, it is found possible to 
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replicate not only the outer but also the inner surfaces of the structure, which may be more complex than the outer surfaces. Each of these replication processes produces distinct multicolor optical properties, as shown by experimental and theoretical data.
One recent study evaluated the influence of layer thickness on the reflectance properties and the corresponding angle-resolved optical performance of alumina wing replicas using the higher aspect ratio microstructure of M. menelaus The very first material fabrication inspired by butterfly wing microstructure was proposed by Shimoyama et al. 138 . This team developed tunable structural-color devices using an electrostatic comb-drive actuator. An interference film was formed by deposition of a thin layer of parylene onto the comb-drive actuator. This actuator was made through conventional semiconductor fabrication techniques. Late the blue color similar to Morpho wing using TiO 2 /SiO 2 multi-layers deposited on the stepped quartz was reproduced by electron beam lithography and dry etching 74 . Though the simplified design of the discrete multilayer film was quasi one-dimensional pattern, the results showed that the optical scattering property was dominated by structures on 80, 81 . Although it has shown promise in replicating the wing nanostructures with useful optical properties, the FIB-CVD approach also has several drawbacks. It lacks scalability and is not cost-effective. Then, nano-imprint lithography (NIL) and shear patterning techniques were combined to emulate the elaborate architecture of the butterfly wings conveniently 83 . They, however, did not attempt to control the color of the synthetic wing structures, which may be possible through tuning of the geometry, shape, and material of the nanostructures.
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Physical Chemistry Chemical Physics Accepted Manuscript 148, 149 , and surfactant-encapsulated polyoxometalates 150 . Various applications could be applied, especially in separation membranes 151 , super-hydrophobic materials 94 , photonic or optoelectronic devices 152 , cell-culturing substrates 153, 154 , and micropatterning templates [155] [156] [157] .
Conclusion and future outlook
Attracted by the fascinating subtle structures of butterfly wing scales, more and more interest has been gained during the past decade. For the re-production of these structures in lab, one still misses an exact and convenient technique that would allow an excellent replication of the original wing scales microstructures. Biotemplating makes it possible, even easy, to maintain the complexity of the original structures, but it is not suitable for batch fabrications. Biomimetic methods can be used to produce uniform materials but they cannot readily be used to mimic the original hierarchical microstructures of the butterfly wings. Herein, through the comparison and evaluation of various methods for preparing, a potential method combined both biotemplating and biomimetic concepts have been developed. In this process, the Fe@Carbon replicas of wing scales was used as second imprinting template, massive biomimetic butterfly wing scales structures could be reproduced. 158 That is the first step to combine both the benefits of biotemplating and biomimetic, though the second imprinting microstructure is not as perfect as the original scale. Also, more simulations and design research must be performed before biomimetic fabrication can 45, 159 The ultimate aim of the current work is to design and optimize various functional materials based on the different structures effected by the butterfly wings.
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